Introduction
The ability to mature mammalian oocytes in vitro is both a valuable experimental model and a potentially useful clinical procedure. However, current IVM systems deliver suboptimal outcomes in terms of subsequent developmental competence (Leibfried-Rutledge et al. 1987; van de Leemput et al. 1999; Rizos et al. 2002) , limiting the use of this tool clinically ). Data collected from mouse models within our own laboratory demonstrate that, compared with in vivomatured (IVV) oocytes, IVM yields poorer embryo development, increased levels of apoptosis in resulting blastocysts and reduced implantation rates and fetal weights (Banwell et al. 2007; Albuz et al. 2010 ). An understanding of why oocyte competence is adversely affected by IVM and the differences in biological measurements between IVM and IVV oocytes within the follicular microenvironment should provide the basis for improved developmental outcomes following IVM.
Oocytes mature in the presence of associated cumulus cells and are coupled via the cumulus cell transzonal cytoplasmic projections that form gap junctions at the oocyte surface (Albertini et al. 2001) . It is through these gap junctions that the cumulus cells are able to provide nutrients and factors to the oocyte. In turn, the oocyte secretes paracrine growth factors (oocyte-secreted factors) that regulate cumulus cell function (Gilchrist et al. 2008) . This relationship is of paramount importance for oocyte competence (Barrett and Albertini 2010), with removal of cumulus cells before maturation resulting in perturbed cytoplasmic maturation and decreased developmental competence (Vanderhyden and Armstrong 1989; Zhang et al. 1995) . In turn, the oocyte secretes factors that regulate various cumulus cell functions, including proliferation, expansion, differentiation, metabolism and gene expression (Vanderhyden et al. 1992; Sugiura et al. 2005; Gilchrist et al. 2008) , which, in turn, impact oocyte developmental competence (Hussein et al. 2006 ).
Because of this close relationship, events affecting the health of the cumulus cells are likely to impact the oocyte and vice versa. Indeed, cumulus cell-specific gene expression is known to be associated with oocyte health (McKenzie et al. 2004; Zhang et al. 2005; Feuerstein et al. 2007; van Montfoort et al. 2008; Gebhardt et al. 2011; Wathlet et al. 2011) . The impact of IVM on global expression patterns of cumulus cell genes compared with those associated with IVV COCs may indicate areas of deficient cumulus cell function. Significant differences have been reported in specific gene expression in mouse IVM COCs (Dunning et al. 2007) , as well as in global gene expression profiles between cumulus cells from IVM and IVV human COCs (Jones et al. 2008; Wells and Patrizio 2008) and between cumulus cells from IVM and IVV bovine COCs (Tesfaye et al. 2009 ).
The aim of the present study was to compare the global gene expression profile of murine cumulus cells from COCs matured in vitro with that of cumulus cells from COCs matured in vivo to identify cumulus cell genes with important contributions to oocyte developmental competence and to further understand the impact of the maturation environment on cumulus cell function. In doing so, we have surprisingly discovered that IVV cumulus cells express mRNA and produce protein for haemoglobin.
This finding supports previous suggestions that control of O 2 and nitric oxide (NO) gases is critical in the maturing oocyte environment and further suggests that haemoglobin synthesised within the COC may contribute to this control.
Materials and methods

Collection of mouse COCs
All experiments were conducted according to the National Health and Medical Research Council of Australia guidelines for the use of animals and following approval from The University of Adelaide IVV COCs were collected from excised oviducts placed into HEPES-buffered αMEM, as described previously (Banwell et al. 2007 ).
In vitro maturation of COCs
The COCs were matured (10 per drop) in 100-µL drops of bicarbonate-buffered αMEM supplemented with 50 µg mL -1 streptomycin, 75 µg mL -1 penicillin G, 5% FBS and 50 mIU mL O 2 , 6% CO 2 dioxide and the balance N 2 , as described previously (Banwell et al. 2007) . Culture dishes were prepared a day ahead and allowed to equilibrate in the modular incubation chambers overnight at 37°C.
Cumulus cell collection for microarray and real-time reverse transcription-polymerase chain reaction
Mature complexes were transferred into 150-µL drops of αMEM HEPES containing 25 U mL -1 ovine hyaluronidase (Sigma, St Louis, MO, USA) and all cumulus cells were dissociated by gentle pipetting with a narrow-bore glass pipette. Oocytes were removed and the remaining cumulus cells were collected rapidly in 20 µL medium. The numbers of COCs pooled for cumulus cell collection are described below. 
Affymetrix microarray
For microarray analysis, from the 15 RNA samples per treatment, equivalent amounts of RNA from five samples were then pooled to provide sufficient RNA for one array and ensuring that each array had no duplication of samples collected on one specific day. This process was repeated three times, generating three independent samples per treatment (n = 3 IVV; n = 3 IVM). Four hundred ng RNA from each of the six samples was sent to the Australian Genome Research Facility (AGRF) in Melbourne (Vic., Australia). The quality and quantity of the RNA was assessed using an Agilent Bioanalyser (Agilent Technologies, Santa Clara, CA, USA). The six RNA samples then underwent Two-Cycle Target Labelling (Affymetrix, Santa Clara, CA, USA) with biotin, followed by hybridisation to Affymetrix GeneChip Mouse Genome 430 2.0 GeneChip arrays (GPL 1261) and scanning. Analysis of RNA integrity, hybridisation and washing were performed by the AGRF facility according to the manufacturer's instructions.
Real time RT-PCR
For real-time RT-PCR, first-strand cDNA was synthesised from total RNA using random hexamer primers (Geneworks, Hindmarsh, SA, Australia) and Superscript III reverse transcriptase (Invitrogen Australia, XXX, XX, Australia). Specific gene primers for real-time RT-PCR were designed against published sequences on the NCBI Pubmed database using Primer Express software (PE Applied Biosystems, Foster City, CA, USA) and synthesised by Geneworks. Eight genes that were either upregulated (n = 3) or downregulated (n = 5) according to microarray analysis in cumulus cells following IVM were selected. Primer pairs and sequences for Bmp4, Has2, Igfbp5, Ptx3, Il6,  Adamts1, Amhr, RpL19 and 18S rRNA are listed in Table 1 . Real-time RT-PCR was performed in duplicate for each sample on an ABI GeneAmp 5700 sequence detection system (PE Applied Biosystems). In each reaction, 4 µL cDNA (equivalent to 10 ng total RNA), 0.1 µL forward and reverse primers and 10 µL SYBR Green master mix were added, with H 2 O added to a final volume of 20 µL, with the exception of 18S rRNA, in which case 1 μL cDNA (equivalent to 2.5 ng total RNA) was analysed. All primers were used at a concentration of 10 pmol µL -1 . The PCR cycling conditions were 50°C for 2 min, 95°C for 10 min, followed by 40 amplification cycles of 95°C for 15 s and 60°C for 1 min. Controls included omission of the cDNA template in otherwise complete reaction mixtures.
An ovarian standard was generated by pooling cDNA generated from RNA extracted from ovaries of three random naturally cycling C57BL/6 mice. Relative mRNA expression for each gene of interest was calculated using the standard curves produced from serial dilutions of the whole ovary standard cDNA. The geometric mean of the expression of 18S rRNA and Rpl19 was used to normalise samples for the amount of cDNA used per reaction. Results are presented as the relative expression of each gene after normalisation against the mean of 18S and Rpl19 expression, as well as a fold change relative to the in vivo group. Analysis of the dissociation curves confirmed that a single product was amplified in all reactions. Real-time RT-PCR expression was compared between groups using the Wilcoxon-Mann-Whitney U-test. Differences were considered significant at P < 0.05. ) and, in combination with the variability between replicate arrays, provided confidence levels for differential expression, as well as Benjamini-Hochberg '95 correction for false discovery rate. Probes were ranked according to B = log odds that the gene is differentially expressed.
Microarray data analysis and statistical analysis
Ingenuity pathway analysis
To investigate the biological processes correlated with altered gene expression in cumulus cells from either IVM or IVV oocytes, Ingenuity Pathway Analysis (IPA) software (Ingenuity Systems, Redwood City, CA, USA) was used to annotate genes from the dataset that showed M-values 1.0.
Genes with known gene symbols and their corresponding expression values were uploaded into the software and each gene symbol was mapped to its corresponding gene object in the IPA knowledge base. Networks of genes were generated algorithmically based on their connectivity and assigned a score. The score was used to rank networks according to how relevant they are to the genes in the input dataset, but is not necessarily an indication of the most significant biological differences The protein concentration of the heart sample was determined using a Bradford assay (Bradford 1976) and 40 μg heart protein was loaded onto each gel. Heart protein extract is the positive control recommended by Santa Cruz Biotechnology (Santa Cruz, CA, USA) for western blot analysis of HbA, with blood suggested as the primary source of haemoglobin proteins in heart extracts (Gelman et al. Scientific, XXX, XX, Australia). The antibodies were removed with acidic glycine stripping buffer (1% SDS, 25 mM glycine, pH 2) and incubated overnight at 4°C with mouse monoclonal anti-β-actin
(1 : 10 000; Sigma). This was followed by incubation with an HRP-conjugated goat anti-mouse secondary antibody (Santa Cruz Biotechnology) and ECL, as described above. 
Results
Global gene expression profile of in vivo-versus in vitro-derived cumulus cells
In all, 1593 transcripts with B > 1.4 and M-values 1.0 (of ~45 000) were categorised as differentially expressed between cumulus cells derived from IVM and IVV oocytes. Of these, 811 were upregulated and 782 were downregulated in cumulus cells derived from IVM compared with IVV COCs (see Table 2 for selected genes; a list of all 1593 transcripts is available as Supplementary Material to this paper). Table 3 .
Microarray data validation by quantitative real-time PCR
A network of particular interest to us was associated with cardiovascular disease, cell cycle and lipid metabolism (Network 2 in Table 3 and Fig. 2 ). This network contained a significant number of genes that were downregulated (24 of 35) in cumulus cells from oocytes that were matured in vitro. It is of note that this network includes Il-6 showing a high degree of downregulation in IVM-derived cumulus cells, with a significant number of interactions with other genes within the network that may indicate a significant effect on IL-6 signalling pathways under differing oocyte maturation conditions.
A second network of interest to us was Network 5 (cell death, cell assembly and function, hair and skin development and function; important to the propagation of the EGF receptor signalling cascade following the ovulatory LH surge and essential for cumulus expansion and ovulation.
A third network of interest (but not presented in Table 3 because it was ranked ninth) was identified to be associated with connective tissue disorders, genetic disorders, and cellular growth and proliferation (Fig. 3 ). This network contained several genes that were both up-and downregulated in the microarray of cumulus cells from oocytes that were matured in vitro (19 of 35 genes represented were downregulated following IVM). This network is of particular interest because it contains multiple members of the a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS) family of peptidases with lower expression following IVM, as well as several interactions with various tissue-specific inhibitors of metalloproteinases (TIMPs), which exhibit higher levels of expression under IVM conditions. Also represented in this network is Igfbp5, a growth factor-binding protein that is upregulated in cumulus cells following IVM.
Detection of HbA1 protein in cumulus cells
Because of the surprising nature of finding Hba-a1 mRNA within cumulus cells, western blot analysis was performed to confirm expression of the HbA protein within IVV cumulus cells. A clear band for
HbA was present at 14 kDa in cumulus cells from IVV COCs, collected after hCG injection, whereas no evidence of HbA was found within the IVM group. Reprobing the western blot with an antibody to β-actin confirmed that similar amounts of protein were present in both samples. To address possible blood contamination as a source of Hba-a1 mRNA in our array data, we examined the GCRMA normalised log intensity values of two known erythrocyte markers, namely Gata1 and Eraf (Richter et al. 2009 ). For all six arrays, each of these genes had normalised values <2.5, representing negligible levels. In contrast, values from the three IVV COCs arrays for Hba-a1 were >13, whereas those for the three IVM COCs were <1.5, clearly demonstrating the high degree of differential expression identified by the array and confirming that blood contamination did not contribute to the results observed for haemoglobin expression.
Discussion
The use of IVM both clinically and experimentally faces significant challenges because current protocols result in oocytes that are less developmentally competent than their in vivo counterparts (Eppig and Schroeder 1989; van de Leemput et al. 1999; Blondin et al. 2002; Combelles et al. 2002) .
Because oocytes matured in vitro are developmentally compromised compared with IVV oocytes, it seems feasible that the cumulus cell transcriptome would reflect this altered competence. In the present study, we investigated the changes in global gene expression in murine cumulus cells derived from IVM oocytes compared with IVV oocytes and elucidated the biological pathways most affected by in vitro culture systems. Cumulus cell gene expression is of great interest in identifying markers of human oocyte quality and has been the focus of many recent studies (McKenzie et al. 2004; Hasegawa et al. 2005; Zhang et al. 2005; Cillo et al. 2007; Feuerstein et al. 2007; Hasegawa et al. 2007; Gebhardt et al. 2011) .
Similarly, microarray studies have uncovered several genes that are differentially expressed in cumulus cells of oocytes with varying developmental potential (Assou et al. 2008; Hamel et al. 2008; van Montfoort et al. 2008; Hamel et al. 2009; Wathlet et al. 2011) We have observed several transcripts underexpressed in cumulus cells derived from IVM oocytes compared with those matured in vivo. The abundance of Pentraxin 3 (Ptx3), Hyaluronan synthase 2 (Has2), and Adamts1 transcripts has been shown previously to be higher in cumulus cells from IVV oocytes (Dunning et al. 2007; Tesfaye et al. 2009 ). Pentraxin 3 is produced by cumulus cells and colocalises with hyaluronan in the expanding COC matrix during ovulation and oocyte maturation (Varani et al. 2002; Salustri et al. 2004) . One role for pentraxin 3 is to stabilise and retain hyaluronan molecules in the intercellular spaces of human and mouse COCs (Salustri et al. 2004; Garlanda et al. 2005) . Pentraxin 3 binds to other matrix molecules and may also interact with spermatozoa to promote efficient fertilisation (Varani et al. 2002; Salustri et al. 2004 ).
The expression of Adamts1 as assessed by RT-PCR was variable, and although there was an overall trend for an approximate 80% decrease, the differences did not reach statistical significance. It has been shown that ADAMTS-1 cleaves versican (Vcan) in ovulating mouse COCs (Russell et al. 2003) .
In other systems, ADAMTS-1 modulates the activity of growth factors, including fibroblast growth factor, vascular endothelial growth factor and the EGF-like factors (Luque et al. 2003; Liu et al. 2006; Suga et al. 2006; Dunning et al. 2007) , with the latter two identified in Networks 2 and 5, respectively was found to be highest in healthy follicles, but was barely detectable in follicles undergoing atresia (Shimasaki et al. 1999) . It is therefore surprising that the present microarray analysis detected higher levels of BMP-4 transcript in cumulus cells derived from IVM oocytes and a trend towards increased levels on quantitative PCR analysis. IL-6 is an immunomodulatory cytokine that has been shown previously to be induced in maturing COC (Hernandez-Gonzalez et al. 2006; Liu et al. 2009 ). We found reduced expression of Il6 mRNA in IVM oocytes when assessed by microarray, but a significant reduction was not confirmed by RT-PCR. Similarly, Il6 production was found previously to be equal in IVM and IVV COCs (Liu et al. 2009 ).
Insulin-like growth factor-binding proteins (IGFBPs) are involved in the systemic and local regulation of insulin-like growth factor (IGF) activity. In the present study, Igfbp5 was significantly upregulated in cumulus cells from IVM oocytes. IGFBP5 has a role in the regulation of cell growth, negative regulation of cell migration, apoptosis and proliferation (Beattie et al. 2006) . IGFBP5 is able to bind to protein and glycosaminoglycan components of extracellular matrices (Beattie et al. 2006) and directly to individual extracellular matrix components (Type III and IV collagen, laminin and fibronectin; Jones et al. 1993) . The expression of Igfbp5 is associated with follicular atresia in the rat ovary (Onoda et al. 1995) . The expression profile of follicular fluid IGFBP has been used to better predict bovine oocyte developmental competence (Nicholas et al. 2005) and may play a role in follicular selection (Fortune et al. 2004) . Little is known about the direct role of IGFBP5 in COCs;
our finding suggests that it may play a role in controlling the normal IGF responses in cumulus cells during oocyte maturation. which decreases with increasing size (Fischer et al. 1992; Van Blerkom et al. 1997) . Elegant mathematical modelling suggests this must be the case and. indeed. may even be the stimulus for antral formation (Redding et al. 2007 (Redding et al. , 2008 . However, previously we have reported that HIF activity is not associated with follicular growth at any stage of mouse ovarian folliculogenesis, but is evident immediately following the ovulatory signal, associated with granulosa cell luteinisation (Tam et al. 2010) . This leads to an interesting conundrum: COCs within antral follicles should theoretically experience hypoxic conditions, but appear not to. Interestingly, using electron paramagnetic resonance oximetry with a unique oxygen probe injected within denuded oocytes, Higaki et al. (2010) recently revealed that oocytes incubated under 35 mmHg O 2 (5%) had an intracellular O 2 concentration of 50 mmHg, supporting the notion that O 2 sequestering may indeed occur within oocytes and cumulus cells.
In conclusion, the present study determined that global cumulus cell gene expression was significantly altered by oocyte maturation conditions. Our findings support the growing understanding 
